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Abstract
Indoor environment is an important issue for the well-being of the society. In the
United States more than 90% people spend their time indoor, indoor air pollution is
more culpable than the pollution outside air. Two third of US businesses lose more
than $100,000 per year due to workplace related illness. The trend of sharing the work
space has an impact on total sick leaves in a company. Infectious particles released by
a flu sufferer’s sneezing, coughing or even laughing can be a vital source. A thorough
analysis on infectious particles’ transmission and air flow of the space can provide an
effective solution to design and control of healthy indoor environment. The interior
design i.e. furniture orientation, the air inlet and outlet locations and safe space
distribution between the working zones can play a significant role in determining the
most effective, energy efficient and healthy indoor layout.
In this study, a detailed computational fluid dynamics (CFD) simulations applying an Eulerian - Langrangian framework is performed to investigate the spread of
infectious particles after sneezing in a ventilated office space and the length of time
they reside in the breathing zone thus estimating the possibility of infection of another occupant. The observations from 18 distinct cases, varying ventilation rate
(ACH 3, 5, and 7), ventilation pattern and furniture condition (with a partition wall
only, and with partition wall and desk) demonstrate that only ACH increase cannot
be a solution to reduce the risk of infection spreading, the ventilation pattern has
a significant role and it defers with the room furniture conditions. Two types of
ventilation pattern- mixed ventilation (MV) and displacement ventilation (DV) are
assessed. MV pattern has been sub-divided into ceiling (inlet-outlet in the ceiling)
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and cross (inlet-outlet in opposite walls) ventilation.
Increasing ACH from 3 to 7 reduce ≈45-50% more dead-zones in the room. At
higher ACH, ceiling ventilation and displacement ventilation are more effective in
removal of particles from the room as well as from the breathing zone. Moreover, the
presence and absence of the furniture is an important factor to decide the ventilation
rate and pattern to ensure healthier indoor space. With ACH 7, ceiling ventilation
and MV-cross ventilations offers most favorable condition in a room with partition
wall only and in a room with a partition wall and desk respectively. At lower ACH,
MV-cross ventilation was found to be the most inefficient scheme for both room
conditions. A preliminary study with multiple sized particles reveals particle number
in the breathing zone did not vary substantially over time. The cost analysis shows
that the monetary value to increase the ventilation rate is reasonable comparing to
the annual loss from the inefficiency of the sick employees.
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Chapter 1
Introduction
1.1

Background and Motivation

In present-days, human lives and activities are centered around built environment and
indoor spaces. In the United States, people spend around 90% of their time indoors
(Klepeis et al., 2001). Since most individuals daily activities take place inside, the
atmosphere of indoor space has a major impact on the health and safety of most of the
population. It has been reported that indoor air can have 2 to 5 times higher pollutant
concentration than typical outdoor air EPA (2003) and it can have more damaging
effects on health than pollution in the air outside. It is, therefore, very important to
evaluate the indoor air quality which is a complex interaction of several factors such
as the room geometry, air change rate, ventilation pattern, room organization etc.
Furthermore, to assess the health risk, it is crucial to investigate the behavior and
trajectories of the infectious particles present inside the room.
Generally, these infectious particles can be modeled as ‘aerosols’ that are suspensions in air (or in a gas) consisting of small solid or liquid particles that remain
airborne for a prolonged period because of their low settling velocity. Aerosol droplets
are generated and released during speech, coughing, sneezing or even while laughing
(Morawska, 2006). This often leads to aerosol transmission of diseases such as common cold, influenza, anthrax, tuberculosis etc. These diseases can affect the overall
productivity of an work space significantly. According to a review by Keech and
Beardsworth (2008), each staff diagnosed with flu loses 4 days on average in form of
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sick days. The monetary impact cannot be ignored too, as two thirds of U.S. businesses admit that their company lose more than $100,000 per year due to workplace
related illnesses (Staples, 2016). One aspect of controlling the spread of diseases is
to establish some hygienic human behaviors such as covering mouth while sneezing
and coughing, staying away from public when affected, sanitizing hand after sneezing,
or after touching places where others touch frequently such as door handles, bathroom faucets, vending machine keys etc. From a management perspective, it is hard
to administer these health codes. Study shows that 25% people do not cover their
mouth while coughing and sneezing (Liu and Novoselac, 2014). A study by (Staples,
2016) showed while four fifths are worried of getting sick when their co-workers come
into work with flu, another 80% responded that they went to office anyway when
contagious due to several reasons.
This brings us another perspective of controlling the spread of illness: by controlling environmental parameters like HVAC system, ACH, furniture layout and
ventilation pattern. Aerosol or particle transport and distribution are highly associated with airflow pattern and turbulence. There is a strong and sufficient evidence
to establish the relationship between ventilation, airflow pattern in building and the
spread of infectious diseases (Liu and Novoselac, 2014). Low ventilation rates (<25
liter/sec per person) have been linked with more cases of Sick Building Syndrome
(SBS), a situation where occupants suffer from headaches and respiratory problems
(Pejtersen et al., 2011; Wargocki et al., 2000). A similar study shows that at schools,
low ventilation rates had a negative impact on school absence and respiratory illness
(Sundell et al., 2011). The efficiency of a ventilation system depends on particle removal or supplying fresh air to the breathing zone (Cao et al., 2014). Air flow pattern
and aerosol transport in the breathing zone can have significant influence on disease
transmission and cross infection in spaces with multiple occupants.
Besides the HVAC system, indoor space design and organization play a role in
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ensuring a healthy environment and minimizing exposure to the residents. It has
been shown that, compared to cellular offices, occupants in two persons offices had
50% and in open-plan offices (>6 persons) had 62% more days of sickness absence
(Sundell et al., 2011). Now, the variables in a space can be identified mostly as the
type of the space (e.g. restaurant, workshop, office, mall area etc.), number of people
sharing the space, number of sick people, equipment and furniture in the room.
To design an efficient well-ventilated indoor space and to understand the particle
behavior properly, it is very important to examine the simultaneous interaction among
the key factors such as air change rate, ventilation patterns, room geometry and
organization, particle size etc. In this thesis, we investigated the air flow pattern and
air quality of an indoor room with a partition wall. Also, we studied the fates of
particles exhaled during uncovered sneeze or cough with three air change rates, three
different ventilation patterns, two room conditions, and multiple particle sizes.

1.2

Literature Review

The investigation of the dispersion pattern of aerosol particles needs to be conducted
with reasonable accuracy to provide information to decision makers and designers
to ensure healthy environment. With the increased computational speed and more
knowledge of the system to build accurate numerical experiments, Computational
Fluid Dynamics (CFD) has become very popular to realize such complex system and
there has been a growing interest among researchers to model the scenarios precisely.
Following is a brief summary of the works that are relevant to this thesis.

1.2.1

Ventilation as a Part of HVAC System

Controlling the outdoor air flow or designing the ventilation pattern are parts of the
HVAC system of a building. The American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) is the largest organization who standardize
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HVAC system. ASHRAE Standard 62.1 recommends that in an office space the
minimum ventilation rate in the breathing zone should be 17 cubic ft/min/per person
(ASHRAE, 2016). As modeling the entire HVAC system is extremely complex often
different strategies are followed to analyze it. A comprehensive review by Afroz et al.
(2018) classified these modelling into three categories: mathematical, empirical and
hybrid. In the mathematical modelling approach, simulations are performed using
a set of equations based on laws of physics such as mass balance, heat transfer etc.
This method is usually used in design phase to predict the performance of an HVAC
system. The empirical or data driven modelling is done after the installation of an
HVAC system, to improve the existing system. The hybrid models combine both
approaches- they use both simulation and measurement data to predict or improve
HVAC systems.

1.2.2

Effect of Ventilation Pattern and Particle Size on Particle Fate

Lu et al. (1996) and Lu and Howarth (1996) employed CFD models to investigate
air flow, particle transport, and deposition in a two-zone room where they inferred
that particle properties, ventilation settings, and airflow patterns were the governing
factors of particle behavior. But they used only a single type of ventilation scheme
namely the mixed cross ventilation and the room was not furnished. Similar numerical
techniques were used by Chang et al. (2006) to study particle removal behavior in
a multi- room building which had cross-flow displacement ventilation. He concluded
that the smaller sized particles have lower removal efficiency and higher sensitivity
to airflow pattern than the larger ones (Fig. 1.1).
The experimental findings from Thatcher et al. (2002) confirmed that although
particle size have a large effect on deposition loss rates, particle fate is highly dependent on room furnishing and air speed too. They studied the effect of room furnishings
on particle deposition rates using three furnishing levels and four air flow conditions.
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Figure 1.1 The room geometry configuration for the
simulations done by Lu et al (1996).

To study the effect of ventilation patterns have been a point of interest for a long
time (Ansaripour et al., 2016; Canha et al., 2017; Gao and Niu, 2007; Hathway et al.,
2011; Liu et al., 2017; Quang et al., 2013; Zhou et al., 2017).
Among them Gao and Niu (2007) used CFD techniques to model particle dispersion and deposition in indoor space where, studying three ventilation types (mixing
ventilation, displacement ventilation, and under-floor air distribution), they showed
that the ventilation type and particle size have the largest impact on particle fate.
They also established an inverse relationship between particle size and human exposure.
Hathway et al. (2011) conducted CFD simulations to inspect aerial transport of
infectious particles in an equipped hospital room with two different types of ventilation and three different types of air change rates. He emphasized how accurate
positioning of particle source might affect fates of particles.
Very recently Ansaripour et al. (2016) performed numerical analysis to study par-
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ticle transport in a room with a seated manikin where they observed effects of different
ventilation configurations on the breathing zone concentration. They recommended
mixing ventilation system to ensure the lowest mean particle concentration in the
breathing zone but the study was done with a constant air change rate.

1.2.3

Effect of Air Change Rates

Air change rate can have a big impact on particle transportation as shown by Faulkner
et al. (2015), who generated empirical data to feed CFD simulations. They showed
that for small particles (1.9 um), average concentration was in inverse linear relation
with ventilation rate. This finding is in accordance with Knudsen et al. (2017) who,
having investigated fungal spore particles, concluded that increasing air flow rate
resulted in lower particle concentrations. However, Putra and Rahman (2017) studied
an office building to examine the effect of ventilation rate on indoor air quality and
they indicated that increasing ventilation rate alone might not be the most effective
policy for improving indoor air quality. The geometry configuration that was used
by Putra and Rahman (2017) is shown in Fig. 1.2.

Inlet

Of
roofice
m
et

tl
Ou
Ou

tlet

Hallw

ay

(b)

(a)

Figure 1.2 (a) The geometry configuration and (b) air flow result from
the study done by Putra and Rahman (2017).
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It has been reported that increasing air change rate by 1 can cause a $150-$250
increase in HVAC cost per year (Memarzadeh and Xu, 2012). As increasing air change
rate demands for more expensive HVAC system in terms of money and energy usage,
cost effectiveness plays an important role for choosing the optimum solution (Wu
et al., 2018).
1.2.4

Modeling of Respiratory Particles

To study the transmission of particles released during sneezing or coughing, it is important to know how to model the droplets accurately. Some key parameters for this
modeling are number, size, and velocity of the particles during release. Substantial
research have been done to find these factors.
Cole and Cook (1998) found that about 40,000 droplets are released during sneeze.
Lindsley et al. (2012) reported that the number of droplets released during a single
cough ranges from 900 to 302,200. There are some differences regarding the particle
size across the literature but the numbers fall in the same estimate region. Yang
et al. (2007) observed that the diameter of the cough droplets ranges from 0.62-15.9
µm, where the range is Lindsley et al. (2012) 0.35 to 10 µm. Here, an important
observation was presented by Nicas et al. (2005) who showed that emitted droplets
with diameters < 20 µm instantenously evaporate to 50% of their initial diameter.
Zhu et al. (2006) conducted a study to determine the velocity of the cough particle
dusring release where the peak cough velocity was found to be in the range of 6 to
22 m/s with a mean of 11.2 m/s.

1.3

Objective

The objectives of the current work were the following.
(a) Identify the vital parameters which are influential in particle transport and fate
in the indoor space
7

(b) Investigate the air flow pattern and particle behavior with different combinations of the parameters. The investigation was done with two dimensional CFD
simulations.
(c) Analyze how the different parameters influence air quality in the room as well
as in the breathing zone.
(d) Evaluate the data and suggest the preferable ventilation pattern and rate for a
specific room condition.
In short, the main goal was to determine the optimum room condition for safe
and healthy environment based on investigating the interplay between several key
parameters of indoor space.

1.4

Thesis Outline

The thesis is organized into five chapters. Chapter 1 describes the background and
objective of the study. Review of several literatures and objectives of the study is
also presented in this chapter. Chapter 2 depicts the problem scenario of the study.
Chapter 3 presents the methodology of the research work. The underlying theories,
mathematical model of computational fluid dynamics, and the simulation set up are
described in detail in this chapter. The air flow condition and the particles fate and
transport under different conditions are analyzed and discussed the findings based on
the simulation results in the Chapter 4. Chapter 5 summarizes the conclusion and
recommendations for future research directions.
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Chapter 2
Problem Setup
The problem was set and simulated as a ‘2D domain’, with the exhale and inhale
zone separated by a partition wall. Figure 2.1 is representative of the domain of a
base case scenario with the pertinent variables listed in Table 2.1. Here, wI is the
width of the inlet,wo is the width of the outlet, hI is the height of the inlet from the
floor, hO is the height of the outlet from the floor, Dwp is the distance between the
wall (left) and the partition wall, and Dwo is the distance between the wall (left) and
first obstruction. The variables were chosen in a manner to ensure that the impact of
the indoor configurations on particle transport can be tested. The table adds a third
column where dimensionless groups or ratios of the variables have been included.

Figure 2.1 Base case scenario.

Three different ventilation types and two interior arrangements are considered.
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Table 2.1 Dimensionless groups describing the problem
scenario.
Variable

Symbol

Height of the inlet from the
bottom of the domain
Height of the outlet from the
bottom of the domain
In exhale zone, distance between
wall and partition
In inhale zone, distance between
wall and first obstruction

hI

Dimensionless
ratio
hI
hO

hO
Dwp

Dwp
Dwo

Dwo

Table 2.2 lists the ventilation types. The three types of ventilation pattern are (1)
inlet and outlet of the domain located at the top, i.e., the ratio of the height of the
inlet (hI ) to the height of the outlet (hO ) is 1, (2) inlet and outlet located opposite
walls with the inlet positioned higher than the outlet hence hI /hO > 1 and (3) the
inlet is located on the opposite wall positioned lower than the outlet, hI /hO < 1.
In the exhale zone the distance from the wall to the partition is Dwp and the
distance from the wall to the first obstruction is Dwo . For the scenarios with desks
Dwo /Dwp < 1 and in the cases without desks Dwo /Dwp = 1. For each ventilation type
three air changes per hour (ACH), 3, 5, and 7 were considered. The recommended
ACH for office spaces is 4-10 ACH (ASHRAE 62.1, 62.2). For public and private offices
the common practice is to maintain 3 and 4 ACH respectively (Toolbox, 2005). In this
study ACH of 3, 5, and 7 were chosen to assess situations as those are representative
of common scenario. For all three ventilation patterns, it was assumed that there is
one inlet and one outlet in the room.
We considered two different interior configurations: a room with a partition wall
and a room with the partition wall and two working desks. These can be considered
representative of a workspace shared by two occupants. For both scenarios, a 1.22 m
(4 ft) high partition wall is present. The room is 4.88 m (16 ft.) in long with a height
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Figure 2.2 Room geometry without desk (dimensions in
‘m’).

Figure 2.3 Room geometry with desks (dimensions in
‘m’).

of 3.05 m (10 ft.). Figure 2.2 and Figure 2.3 shows the detailed dimensions of the
room geometry for Mixed Ventilation-Cross type. In Figure 2.2, the geometry is set
for a room with a 4 ft partition wall, and in Figure 2.3, a space with a partition all and
two working desks are shown. The working desk maintains the standard dimensions
having a length of 1.52 m (5 ft.) and a height of 0.76 m (30 in). The width of both
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Table 2.2 Ventilation Patterns.
Ventilation type

Inlet and outlet location

Mixed Ventilation
(MV) - Ceiling
Mixed Ventilation
(MV) - Cross
Displacement
Ventilation (DV) Cross

inlet and outlet is 0.305 m (1 ft.). For the mixed ceiling ventilation (MV-Ceiling) the
inlet and outlet both are on the ceiling at 0.61 m (2 ft.) from the side wall. In mixed
cross ventilation (MV-Cross), the inlet is on the side wall at 0.61 m (2 ft.) below
from the ceiling and the outlet is on the opposite side walls at 0.305 m (1 ft.) from
the floor level. For displacement cross ventilation (DV-Cross) the inlet is 0.305 m (1
ft.) from the floor level and the outlet is on the opposite wall 0.61 m (2ft.) below
the ceiling level. Inlet flow velocity was adjusted to obtain 3, 5, 7 Air Change per
Hour (ACH). With three choices for ACH, three ventilation patterns and two room
conditions we have a combination of 18 scenarios. The details are given in Table 2.3.
In this study we have investigated the particles generated from a sneeze directly
to the indoor area. It is assumed that one employee or occupant sneezes (exhale
location) without covering his or her mouth and he/she is considered to be the source
of particles released in the domain. Also, we have assumed that there is another
employee or occupant working or staying on the other side of the partition wall who
is in risk of inhaling the sneezed particles (inhale location). The breathing zone has
been identified according to Occupational Safety and Health Administration (OSHA,
2016) which is the height between 1.21 m and 1.80 m from the floor level accounting
for both sitting and standing positions.
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Table 2.3 Simulation details.
Case
no.

h1 /ho

ACH

Dwo /Dwp

1

1

3

1

Schematic
Inlet

2

1

5

1

3

1

7

1

4

1

3

<1

Breathing Zone
Exhale
Inhale

Inlet

5

1

5

<1

6

1

7

<1

7

>1

3

1

8

>1

5

1

9

>1

7

1

10

>1

3

<1

11

>1

5

<1

12

>1

7

<1

13

<1

3

1

14

<1

5

1

15

<1

7

1

16

<1

3

<1

17

<1

5

<1

18

<1

7

<1

Outlet

Outlet

Breathing Zone
Exhale
Inhale

Inlet
Breathing Zone
Exhale
Inhale
Outlet

Inlet
Breathing Zone
Exhale
Inhale
Outlet

Outlet
Breathing Zone
Exhale
Inhale
Inlet

Outlet
Breathing Zone
Exhale
Inhale
Inlet
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The ‘exhalation zone’ is the region where the residing occupant sneezes. The
‘inhalation zone’ is identified as the region of the breathing zone where the second
office occupant is located. The two regions are separated by the partition wall.

Figure 2.4 Sneeze model.

Figure 2.4 is a schematic of the simulation of a sneeze. The domain of the sneeze
is of 0.7 m in length and 0.5 m in height. The area is divided into six segments
where aerosols are injected randomly with a velocity range of 6-22 m/s (Zhu et al.,
2006). Average range of particle that released through cough is 900 to 302,200 (Liu
and Novoselac, 2014). For the simulation, the number is selected to be 150,000 (midrange) and distributed in the six regions and high number of particles are sprayed at
the point of release. It has been observed that the coughed particles have a wide range
of sizes, with different transport characteristics. The size range is observed as 0.35 to
10 µm by Lindsley et al. (2012) also observed that coughed particles have a size range
of 0.35 to 10 µm and 0.62-15.9 mm with nuclei sizes of 0.58-5.42 µm by Yang et al.
(2007). The emitted droplets with diameters <20 µm rapidly evaporate to 50% of
their initial diameter Nicas et al. (2005). For the simulation the size of the particles
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chosen is from the mid-range. In this study, the particle size is assumed 7 µm for all
cases. To simulate the high momentum at the point of release and the subsequent
loss of energy, it is assumed that the particles released closer to the source have the
maximum velocity and as the distance increases the particle velocity reduces.
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Chapter 3
Computational Fluid Dynamics Model
Development
3.1

Introduction

Computational fluid dynamics (CFD) is a mathematical modeling approach in which
the Navier-Stokes equations are solved to calculate the fluid parameters. The governing equations of fluid flow are partial differential equations; when discretized
on grids, they transform into algebraic equations which can be solved by a finitedifference/finite-volume algorithm (Basarir, 2009). In the present study, the numerical simulations were conducted using the commercial code CFD-ACE+ (ESI, 2014).
The simulations were executed an IBM desktop with a processor of Intel (R) Core
(TM) i7-4790 @ 3.60 GHz, 16.0 RAM and of 64-bit operating system, and a cluster.
CFD analysis took place in three stages:
• First a pre-processing application (present study: CFD-GEOM) was used to
draw the model geometry. The boundaries (walls, inlet, outlet, furniture) and
the volume (fluid, solid) were also defined in this step. After that, the fluid
domain was divided with non-uniform structured grids.
• The model was then imported in CFD-ACE-GUI to solve the flow field equations
in grid points. After developing a pseudo steady initial condition, particles were
released in the domain.
• The CFD solver CFD-ACE would generate the flow field data and spray data at
16

each grid point after solving the appropriate governing equations. After the data
was generated by the solver, it was exported to a data processor (in the present
work, CFD-VIEW) to generate line plots, flow variable contours, and particle
animations. This data was then exported to other software such as Excel and
Matlab for better visualizations and comparisons with other scenarios.

3.2

Mathematical Model Formulation

The CFD model is based on the Eulerian Lagrangian framework. It comprises of
submodules for calculating the air flow and particle trajectories.

3.2.1

Airflow Model

For airflow simulation ‘Reynolds Averaged Navier-Stokes’ (RANS) modeling and
‘Large Eddy Simulation’ (LES) schemes were applied. The air flow was treated as
a turbulent flow characterized by eddies having a long period of time and length
modeled by Large Eddy Simulation (LES).
The mathematical complexity of LES simulation lies between direct numerical
simulation and Reynolds Averaged Navier Stokes (N-S). As a technique, LES is a
compromise between RANS and DNS. In DNS the solution is obtained by computing
all the turbulence scales using the time dependent Navier-Stokes equations. Very fine
spatial/temporal grids are required for this scheme. Therefore, it requires extensive
computing power with fast processors and large memory blocks to simulate airflow
characteristics in an indoor structure (Piomelli, 1999). In comparison, the RANS
modeling scheme focuses on generating the mean velocity field by applying different
turbulent models. As this scheme does not generate instantaneous velocity field
it results in lower accuracy in the computation of particle dispersion. The LES
model offers a better scenario in this situation for it generates the instantaneous
flow information which is critical to particle transport simulation (Tian et al., 2007).
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The LES scheme works by utilizing a filter to remove small-scale turbulence from
the Navier-Stokes equations and then evaluating the small scales with a separate
model. Usually the filter size is selected to be equal to the smallest grid size. Large
scales motions are computed by solving these modified Navier-Stokes equations which
eventually provides information for most of the energy transport and momentum. In
contrast, information regarding the large eddies can be obtained from the small scales
of the sub grid models.
The Navier-Stokes Equations for incompressible flow of a Newtonian fluid are
given by: :
∂ui
=0
∂xi

(3.1)

∂ ūi
∂
1 ∂ p̄
∂τij
∂ 2 ūj
+
(ūi ūj ) = −
−
+ νt
∂t
∂xi
ρ ∂xi
∂xj
∂xi ∂xj

(3.2)

In the equations (3.1) and (3.2) u and p represents turbulent velocity and pressure
respectively. The effect of the small scales can be determined by evaluating the
subgrid-scale (SGS) stress term, τij (Piomelli, 1999) applying equation (3.3), where
νt is the turbulent eddy viscosity and S̄ij is the rate of strain tensor.
τij −

τkk δij
= 2νt S̄ij
3

(3.3)

The small scales are generally more isotropic than their large counterparts. Straightforward algebraic expressions can be used to model those without significantly compromising the accuracy of physics and many flow situations can me modelled using
this scheme (Piomelli, 1999).
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The Smagorinsky model is the most commonly used subgrid-stress model which
is an eddy viscosity model (Piomelli, 1999). The subgrid-scale stresses are related to
the large-scale strain rate tensor by Equation (3.4).
1 ∂ui ∂uj
+
2 ∂xj ∂xj


S̄ij =



(3.4)

The eddy viscosity, νt is obtained from the algebraic model (Equations 3.5 and
3.6), where ∆=grid size and Cs = Smagorinsky constant.

νt = Cs ∆2 |S̄|S̄ij



|S̄| = 2S̄ij S̄ij

1

2

(3.5)

(3.6)

For homogeneous isotropic turbulent flow the Smagorinsky constant, Cs is equal
to 0.16 (Xu and Pope, 2000). In the Smagorinsky model the eddy viscosity co-efficient
is maintained constant for the entire flow domain.

3.2.2

Particle Model

Aerosols were modeled as discrete particle tracks with the trajectories computed using
the Lagrangian approach. The trajectory of the particle was determined by solving
equation (3.7), where up is the velocity of the particle of mass m, at location xi , FG
is the net gravitational force (Eq. 3.9), and FD is the drag force (Eq. 3.10). C is the
Cunningham correction factor, CD is the drag coefficient, VR is the relative velocity,
dP is the particle diameter, ρp is particle density, and ρ is the fluid density.

X

Fi = m

dup
= FD + FG
dt
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(3.7)

dxi
= up
dt

(3.8)



1
FG = πd3p ρp − ρ
6

(3.9)

FD =

3.3

1
πd2p ρCD |VR |VR
8C

(3.10)

Numerical Scheme and Boundary Condition

The governing equations were discretized using the control volume method. A second
order blended upwind scheme was applied for the convective-diffusive terms, and a
forward Euler scheme was used for the temporal terms in the N-S equations. The
boundary condition of the walls of the room represented no-slip conditions. Uniform
velocity was specified at the inlets. The outlets were pressure boundaries with Dirichlet conditions applied for pressure and Neumann conditions for all other dependent
variables.
Aerosols were initialized as described in Figure 2.4. The boundary conditions
were set as per Table 2.3. The calculations for trajectories terminated when aerosols
exited the room. When an aerosol struck a surface, it was assumed it bounced back
with no energy loss representing an office with no ‘soft’ furniture such as carpets or
sofas. The simulation assumed that the aerosols were spherical, had the properties
of water and was neutral.
One-way coupling was applied i.e. it was assumed that the airborne particles
had no influence on the surrounding air flow field and no particle-particle interaction
occurred, which are valid given the low density of the aerosols released in the room
scale. Resuspension was not considered. Inlet flow velocity was adjusted to obtain 3,
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5, 7 ACH respectively. The particles were released randomly in a trapezoidal space
within an area of 0.17 m2 in a with a velocity range of 22-8 m/s.

3.4

Simulation Setup

The physical properties were set assuming the room temperature to be 27◦ C. Reynolds
number was calculated for the inlet velocity adjusted to obtain three different ACH. It
demonstrated that the turbulent flow was established in the space (Re ≈ 9,800, 16,000,
and 24,000 for ACH 3, ACH 5, and ACH 7 respectively). For every simulation the
air flow was first developed to ensure pseudo steady initial conditions were achieved
and then the ‘sneeze’ happened. In each simulation, the size of the computational
time domain was set to be a total of 9 minutes: 4 minutes for developing the air flow
and then 5 minutes after releasing 150,000 particles.
The calculations were done in transient mode with .01 sec time step. In nearly
all cases the particle diameter was maintained at 7 µm. For one case particles of
multiple sizes (0.3, 1.0, 3.0, 7.0, 10 µm) were released. The Cunningham correction
factor was included for particle sizes less than 5µm. the solver convergence was set to
0.0001 and minimum residual was specified as 10−5 . The particle release position, the
furniture (in furnished room) and partition wall locations are identical for all cases.
The inlet and outlet locations have been adopted as per the ventilation pattern.

3.5

Grid Sensitivity Analysis

In this study grid independence was assessed based on 15k, 25k, 50k, and 80k cells
for one representative scenario (ACH=5, mixed cross ventilation, partition wall only).
Figure 3.1 shows the vertical velocity profiles at different x locations (x = 1.17 m,
2.35 m, and 3.25 m), each using the four cell sizes mentioned before. The velocity
profiles were obtained was studied after 4 minutes airflow. The velocity trend lines
qualitatively show that increasing the grid resolution reduced the associated error.
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(a)

(b)

(c)

Figure 3.1 Vertical velocity profile at different
locations: (a) at x=1.17 m, (b) at x=2.35 m, and
(c) at x=3.25 m
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With LES however, to obtain grid independence for a selected parameter, often
the grid must be refined until it is nearly DNS and loses the fundamentals of LES. To
ensure grid independence was achieved the grid convergence index (GCI) approach
by Roache (1994, 1997) and Sørensen and Nielsen (2003) was applied.
Equation (3.11) was used to assess the uncertainty associated with grid resolution
for predicting the solution f . Here f can be any given solution property of interest
such as velocity magnitude in a point, number of particles in a space, or average
temperature in the occupied zone. Roache (1997) recommends safety factor, Fs = 3
for normal applications. The formal order of accuracy p=2. The grid refinement
ratio, r is calculated as r = hcoarse /hf ine , where h represents the cell size.
GCIf ine,coarse = Fs

fcoarse − ff ine
1 − rp

!

(3.11)

The GCI for two criteria outputs, velocity and particles remaining in the room i.e.,
f = N/No , and f = Uavg was calculated. Since an output criteria in this study is the
particle transport the solutions obtained for 80k, 50k, 25k, and 15k non-uniformed
grids regarding particle number was compared. For this comparison h is taken as the
maximum cell sizes. Figure 3.2 shows the comparative values of percentage of the
particles in the breathing zone (f = N/No ) for the cell number 15k, 25k, 50k and
80k. The GCI index was 8% when the grids were refined from 25k to 50k. It was
<2% when the grids were refined from 50k to 80k indicating a grid resolution of 50k
will result in an error margin of <2% compared to 80k.
Figure 3.3 represents the GCI analysis for the solutions of 80k and 50k grids where
f is taken as the velocity of the airflow at three different point (x=1.17 m, x=2.35
m, x=3.2 5m). The GCI is not more than 2% at these positions and in the breathing
zone the error is ≈1.5%. The GCI index from the velocity data shows that the grid
resolution has minimal error margin with 50k grids.
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Figure 3.2 GCI index for particles remaining in
the room: GCI50,25 = 0.0845, GCI80,50 = 0.0217

Computational time and data size are two important factors for CFD analysis.
Table 3.1 shows how the time requirement for simulating the initial condition (IC),
time requirement for particle simulation, and computer hard-disk memory space requirement increases with the increase of cell sizes. We can infer that increasing the
cell number from 50k to 80k needs about 1.5 times more time and memory spaces
with a minimal change in precision ( GCI< 2%). With all these considerations, in
the current study the grid resolution of 50k was chosen.
Table 3.1 Simulation study (LES)

Total cell
number

Time for
Time for IC
simulation
simulation
with particles
(hr)
(hr)

Folder size
(GB)

15k

2

4

40

25k

4

5.5

41

50k

7.5

8

43

80k

11

12

62
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(a)

(b)

(c)

Figure 3.3 GCI analysis with velocity for 50K
and 80K- (a) at x=1.17 m, (b) at x=2.35 m, and
(c) at x=3.25 m
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3.6

Model Validation

The governing physics of the developed CFD model for simulating air flow and particle
transport has been applied and validated against experimental data (Hoque et al.,
2009). This was performed by comparing the results from simulated environments
found in literature against the experimental data for airflow and particle transport
in an indoor ventilated space. The indoor air velocity measurement performed by
Posner et al. (2003) and the particle mass concentration measurement performed by
Lu et al. (1996) were used as benchmarks.

26

Chapter 4
Result and Discussion
This section presents the results of the 18 cases presented in Table 2.3. A pseudo
steady initial condition was achieved developing air flow for 4 minutes. After that
150,000 particles each with a diameter of 7 µm were released and simulated for another
5 minutes. The air quality and the particle condition were observed after 9 minutes
of simulation which was sufficient time for the particles to circulate the room.
To evaluate the air quality in the breathing zone and the whole domain, contour
and bar plots were developed. Also, plots of velocity against height were generated
to assess the variability in velocity in exhale and inhale zone. Particle number in the
breathing zone and the room was analyzed along with the air quality to identify the
best-case scenario for an efficient ventilation system. To understand the spatial and
temporal particle pattern the number and location of particles in the breathing zone
and the whole domain was also compared via statistical approaches We specified the
zones as ‘dead zone’ where the magnitude of the air velocity is less than 0.005 m/s.
The dead zone percentage and the particle number in the breathing zone as well as
in the room varied as an impact of ventilation pattern, ACH and furniture layout.

4.1

Airflow

The velocity contour plots in Figure 4.1 show the resulting air flow pattern due to
the different locations of the air flow inlet /outlet of the domain and in the presence/absence of desks for the same ACH of 5 at the end of nine minutes air flow.
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(a) Case 2, hI /hO = 1, Dwo /Dwp = 1

(b) Case 5, hI /hO = 1, Dwo /Dwp < 1

(c) Case 8, hI /hO > 1, Dwo /Dwp = 1

(d) Case 11, hI /hO > 1, Dwo /Dwp < 1

(e) Case 14, hI /hO < 1, Dwo /Dwp = 1

(f) Case 17, hI /hO < 1, Dwo /Dwp < 1

Figure 4.1 Velocity contour plots (ACH 5), (a) Case 2 (MV.Ceil), (b) Case 5
(MV.Ceil), (c) Case 8 (MV.Cross), (d) Case 11 (MV.Cross) , (e) Case 14 (DV.Cross)
, and (f) Case 17 (DV.Cross).

Regions in the room hovering near white depict areas with velocities oscillating
around zero. High positive velocities are concentrated in the pathways from the inlet
to the outlet and immediate recirculation zones are created around it. From the
observation of case 2 (MV.Ceil, Dwo /Dwp = 1), and case 5 (MV.Ceil, Dwo /Dwp <
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1), where both inlet and outlet are located in the ceiling, we can notice that in case
2,Figure 4.1(a), the circulations with higher velocities are in the upper regions of the
room and at the corners. For case 5, Figure 4.1(b), the presence of desks results in
near zero velocity magnitudes. This is noted in other cases as well, the velocities
oscillate near zero at the region near or below the desk.
In Figures 4.1(c) and (e) where the inlet/outlet locations are reversed the flow
pattern appears ‘inverse’ with higher velocity magnitudes at the inhalation zone for
Case 8 (hI /hO > 1, Dwo /Dwp = 1) and Case 14 (hI /hO < 1, Dwo /Dwp = 1). Case
11 (hI /hO > 1, Dwo /Dwp < 1), Figures 4.1 (d), appears similar to Case 8 (Figures
4.1(c)), even though desks are present. The relative location of the inlet/outlet to
the position of the desks result in lesser impact on the air flow pattern when the inlet
is above the outlet or both are located at the top. This is obvious when comparing
cases 14 (Figures 4.1(e)) and 17 (Figures 4.1(f)). In case 17 (hI /hO > 1, Dwo /Dwp
< 1), the desk is located in front of the inlet. This causes the air flow trajectory to
move upwards, very different from case 14.
Changing the ACH immediately influenced the extent of white in the plots as
shown in Figures 4.2 and 4.3. Figure 4.2 and Figure 4.3 shows the velocity contour
plots in the presence and absence of the of desks respectively for ACH = 3 and 7
for MV.Ceil (hI /hO =1), MV.Cross (hI /hO > 1) and DV.Cross (hI /hO <1). At both
ACH the flow pattern remains unchanged and at ACH = 7, we appear to have less
zones with very low velocities, but the locations remain nearly the same, the corners,
around the partition and below the desks (Figure 4.2).
The only deviation is case 18 (ACH 7, DV.Cross, Dwo /Dwp < 1),(Figure 4.2 (f)),
where the upper corners have higher velocities because of the relative placement of
the desks. Figure 4.3, which shows results for lower ACH, mixed cross ventilation
creates a dead chunk in the exhale area and in displacement ventilation the dead
chunk is created in the inhale portion. The partition wall has an impact on this fact.
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These dead chunks are reduced when high ACH is offered.
So, from the visual expression of the contour plots it can be inferred that in lower
ACH, mixed ceiling ventilation (hI /hO = 1), gives better air flow where there are
partition walls and no desk in the domain ( Dwo /Dwp = 1). From the contour plots,
we observe that increasing ACH makes the air flow more sensitive with the presence
of furniture with respect to mixing in the domain and the number of zones with
velocity extremes.

30

(a) Case 4, ACH=3, hI /hO = 1

(d) Case 6, ACH=7, hI /hO = 1

(b) Case 10, ACH=3, hI /hO > 1

(e) Case 12, ACH=7, hI /hO > 1

(c) Case 16, ACH=3, hI /hO < 1

(f) Case 18, ACH=7, hI /hO < 1

Figure 4.2 Velocity contour plots, (a) Case 4, (b) Case 10, (c) Case 16, (d) Case 6,
(e) Case 12, and (f) Case 18.

Doing a qualitative check through comparison of the contour plots gives a visual
interpretation of the impact of changing the three variables. From the height vs.
normalized average velocity (Uavg /Uo , where Uo is the inlet velocity), velocity plot
in inhale and exhale area (Figure 4.4 and Figure 4.5), we can find similar scenario-
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higher ACH creates more flow in the breathing zone, significantly in the inhale area
than the lower ACH. Assessing through the multiple configurations for velocity line
plits accross the room heoght atspecific locations is revealing. Velocity profile was
analyzed at two x locations, x = 1.06 m (exhale zone) and 3.19 m (inhale zone).
The locations were chosen such that edge effects from the desks or the walls was
minimized.
Analyzing the impact of increasing ACH on the velocity profile, we observed that
for displacement ventilation increasing the ACH from 5 to 7 does not make significant changes in velocity conditions for both room conditions (with and without the
desks). Figure 4.6 shows the normalized average velocity line plots for the cases having displacement ventilation (HI /Ho <1). Figure 4.6 (a,b) is a plot of the Normalized
average U velocity lines where Dwo /Dwp = 1, for cases 13 (ACH 3), 14 (ACH 5), 15
(ACH 7) and Figure 4.6 (c,d) is a plot of the Normalized average U velocity lines
where Dwo /Dwp < 1, for cases 16 (ACH 3), 17 (ACH 5), 18 (ACH 7). In the exhale
region, Figure 4.6 (a), the lines for cases 14 and 15 nearly overlap. In the exhale
region, Figure 4.6 (a), for cases 14 and 15 the pattern is the same with the magnitude
higher for case 15,where ACH = 7. Case 13 with ACH = 3 is different from case 14
(ACH 5) significantly in inhale zone while the line plots look similar for case 14 and
15 (Figure 4.6 (b)). In the cases with the desks, Figure 4.6 (c) shows the Normalized
average U velocity lines in exhale zone for cases 16, 17, 18 overlap each other. In the
inhale region, Figure 4.6 (d), case 17 and case 18 appears almost similar.
Assessing the significance of ventilation pattern, we can infer that, at ACH = 3
changing the ventilation pattern had a significant impact in the presence and absence
of desks but not at ACH of 5 and 7. This indicates at lower ACH, the room characteristics and air flow rate take on greater importance on the air flow pattern. At
ACH = 5 and 7 the significance is less.
For the cases 5 (hI /hO = 1), 11 (hI /hO > 1), 17 (hI /hO < 1) and cases 6
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(a) Case 1, ACH=3, hI /hO = 1

(d) Case 3, ACH=7, hI /hO = 1

(b) Case 7, ACH=3, hI /hO > 1

(e) Case 9, ACH=7, hI /hO > 1

(c) Case 13, ACH=3, hI /hO < 1

(f) Case 15, ACH=7, hI /hO < 1

Figure 4.3 Velocity contour plots, (a) Case 1, (b) Case 7, (c) Case 13, (d) Case
3, (e) Case 9, and (f) Case 15.

(hI /hO = 1), 12 (hI /hO > 1), 18 (hI /hO < 1), where the domain had partition wall
and desk and having ACH 5 and ACH 7 respectively, the impact on the ventilation
pattern was insignificant both in inhale and exhale area (Figures 4.7(c, d) and Figures
4.8 (c, d)).
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(a)

(b)

(c)

(d)

Figure 4.4 Normalized average velocity line plots (cases where Dwo /Dwp < 1), (a)
exhale zone and (b) inhale zone for case 4 (ACH 3, hI /hO = 1), case 10 (ACH 3,
hI /hO > 1), and case 16 (ACH 3, hI /hO < 1) and (c) exhale zone and (d) inhale
zone for case 6 (ACH 7, hI /hO = 1), case 12 (ACH 7, hI /hO = 1), and case 18
(ACH 7, hI /hO < 1).

In some cases the velocity profile change was significant in the exhale zone but
not in the inhale zone. For example, in cases 1 (ACH 3, hI /hO = 1, Dwo /Dwp = 1),
7 (ACH 3, hI /hO > 1, Dwo /Dwp = 1)and 13 (ACH 3, hI /hO < 1, Dwo /Dwp = 1)
going from case 1 to 13, the change has an impact in both exhale and inhale zones
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(a)

(b)

(c)

(d)

Figure 4.5 Normalized average velocity line plots (cases where Dwo /Dwp = 1), (a)
exhale zone and (b) inhale zone for case 1 (ACH 3, hI /hO = 1), case 7 (ACH 3,
hI /hO > 1), and case 13 (ACH 3, hI /hO < 1) and (c) exhale zone and (d) inhale
zone for case 3 (ACH 7, hI /hO = 1), case 9 (ACH 7, hI /hO > 1), and case 15 (ACH
7, hI /hO < 1).

(Figures 4.5 (a, b)), i.e. when the inlet and outlet locations moved from the ceiling
to the opposite ends of the wall.
In cases 3 (ACH 7, hI /hO = 1, Dwo /Dwp = 1), 9 (ACH 7, hI /hO > 1, Dwo /Dwp =
1)and 15 (ACH 7, hI /hO < 1, Dwo /Dwp = 1) going from 3 and 9 , the impact
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(a)

(b)

(c)

(d)

Figure 4.6 Normalized average velocity line plots, (a) exhale zone and (b) inhale
zone for cases 13, 14, and 15 and (c) exhale zone and (d) inhale zone for cases 16,
17, and 18.

was significant in the inhale zone (Figure 4.5(d)) but not in the exhale zone (Figure
4.5(c)). This could be because before crossing the partition the effects of the location
persisted but smeared out after the partition. However, it is interesting to note that
when desks were absent the ventilation pattern had more significant scenarios than
in the presence of desks. This could be because there was more void space for the
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(a)

(b)

(c)

(d)

Figure 4.7 Normalized average velocity line plots, (a) exhale zone and (b) inhale
zone for cases 2, 8, and 14 and (c) exhale zone and (d) inhale zone for cases 5, 11,
and 17.

flow to take shape.
At higher air changes the interior arrangement in mixed ventilation, where as in
displacement ventilation the presence of desk play role in the air flow pattern. This
is because in the displacement ventilation the desk changes the direction of the flow
in the first place. In Figure 4.9, the normalized velocity line plots in exhale and
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(a)

(b)

(c)

(d)

Figure 4.8 Normalized average velocity line plots, (a) exhale zone and (b) inhale
zone for cases 4, 10, and 16 and (c) exhale zone and (d) inhale zone for cases 6, 12,
and 18.

inlet zone for case 3 (ACH 7, hI /hO = 1, Dwo /Dwp = 1),case 6 (ACH 7, hI /hO = 1,
Dwo /Dwp < 1) and case 9 (ACH 7, hI /hO > 1, Dwo /Dwp = 1), case 12 (ACH 7,
hI /hO > 1, Dwo /Dwp < 1) is presented. Here, it is observed that, the velocity line
plots are similar up to the breathing zone and near the floor area the velocity falls
in the stagnant area where the desks are introduced. So, in displacement ventilation
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(a)

(b)

(c)

(d)

Figure 4.9 Normalized average velocity line plots, (a) exhale zone and (b) inhale
zone for cases 3, 6 (c) exhale zone and (d) inhale zone for cases 9, 12.

( where, hI /hO < 1), the impact is exposed more significantly. In displacement
ventilation, at ACH 3 this impact is not significant in exhale area, where for higher
ACH the presence of desks is significantly impact the flow in both inhale and exhale
area. For ACH of 3 and 5, r
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elative location of the inlet, outlet and the position of the desks as well as their
presence or absence influences the velocity pattern.
To analyze the air circulation quality in the domain, we have identified the proportions of the areas having stagnant velocity (Uavg <|0.005 ms−1 |). Figures 4.10,
4.11, and 4.12 shows the percentage of dead zone (possesses stagnant velocity) and
well air-circulated zones after 9-minute air flow in the total domain at ACH 3, ACH
5 and ACH 7 respectively. We have assumed the breathing zone from 1.21 m to
1.80 m from the floor level, that possesses 19% of the total domain. At ACH 3
(Figure 4.10), the ventilation pattern is not significant for the total air flow condition
(non-stagnant area

50% for all ventilation pattern) but in the breathing zone the

ceiling ventilation offers more air circulation (non-stagnant area in the breathing zone
is 80%) than both types of cross ventilations (non-stagnant area in the breathing
zone is 50%). This fact can be explained from the velocity contour plots in Figure
4.3. the partition wall has an impact on the air flow in the breathing area. For the
cross ventilations (Figure 4.3 (b) and Figure 4.3 (c)), a larger dead zone portion is
created at one side of the partition wall (in exhale area for MV and in inhale area for
DV) than the ceiling ventilation (Figure 4.3 (a)).
If we look into the effect of furniture on the dead zone percentage in the breathing
zone and non-breathing zone, in the mixed ceiling ventilation, the air flow dominates
the upper portion of the room, so the dead air pockets created around the furniture
keep increasing over time. So, the dead zone in the total room appears more than
other ventilation patterns. On the other hand, presence of furniture lessens the dead
zone in total in the displacement ventilation. The effect of furniture on the dead zone
percentage is minimal in the mixed cross ventilation.
Tables 4.1 and Table 4.2 summarize the result of dead zone percentage in a room
with a partition wall and a room with partition wall and desk respectively. In both
room conditions, increasing ACH lessens the dead zone in breathing as well as non-
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Table 4.1 Percentage (appx.) of dead zone in the room with partition wall only.
MV Ceil.

MV Cross

DV Cross

ACH
N. Br. Z.

Br. Z.

N. Br. Z.

Br. Z.

N. Br. Z.

Br. Z.

3

41

4

42

10

42

10

5

28

3

24

3.5

28

3

7

22

3

15

4

20

4

Table 4.2 Percentage (appx.) of dead zone in the room with partition wall and
desks.
MV Ceil.

MV Cross

DV Cross

ACH
N. Br. Z.

Br. Z.

N. Br. Z.

Br. Z.

N. Br. Z.

Br. Z.

3

45

6.5

37

7

31

5

5

36

3

29

3.5

26

3

7

27

4

23

2

19

2.5

breathing zones. Increase the ACH from 3 to 7 in a room with only partition wall
decrease the dead zone 50-65% for all type of ventilation, and in ta room with
partition wall and desk, the decrease is 40. Dead zone in the breathing area are
less sensitive with the ventilation pattern with ACH 5 and ACH 7. In the room
with a partition wall and desks, displacement ventilation offers least dead zone and
mixed ceiling ventilation creates maximum dead one regardless the ventilation pattern
(Table 4.2).

4.2

Particle Transport

Particle transport and air flow quality in a space are directly inter-related. A wellventilated room offers faster removal of the infectious particles from the room. We
can observe both the air flow condition and the particle quantities from Figures 4.10,
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4.11, and 4.12. This information along with the total particles stayed in the room,
the pattern of their trajectory as well as their location (inhale or exhale zone) are
required to reach a conclusion about particle transport behavior.
For example, if we look at Figure 4.10, we find that with ACH 3 the particles do
not leave the domain in 5 minutes, regardless of the ventilation pattern or the room
condition. However, in the breathing zone displacement ventilation (case 13 and case
16) offers least number of particles after 5 minutes of the release. For case 13 (ACH
3, hI /hO <1, Dwo /Dwp =1), we see that only 1.3% particles remain in the breathing
zone.
In Figure 4.13(a), we can observe that after ≈3.5 min the number of the particles
starts to fall off. However, from Figure 4.17, where the location of the particles over
time can be analyzed, we find that for case 13 the particles stay mostly in the exhale
zone. They do not pass the partition wall (Figures 4.17 a,b).
From the change of y-coordinates we observed that they gradually exit from the
breathing zone and at ≈3.5 min the move out from the breathing zone (Figures 4.17
c, d). Similar scenario is observed for case 16 (ACH 3, hI /hO <1, Dwo /Dwp >1).
Although the least number of the particles (≈3%) is in the breathing zone, the
particles recirculated to the zone. From Figure 4.14(a) we can see the particle numbers
peak at ≈100 sec and ≈200 sec. Here, the particles dispersed horizontally (Figures
4.17 a, b) due to the velocity vortex near the desk (Figure 4.2c). The particles mostly
stayed in the breathing level except from ≈90-180 sec and they started to leave the
breathing level at ≈3.5 min and cluster near the ceiling (Figure 4.17 c, d).
These facts can be explained from the velocity contour plot at Figure 4.3(c) and
Figure 4.2(c). For the displacement ventilation with ACH 3, the inhale area built
up a negative and stagnant velocity portion. So, it can be inferred that although
the quantity of the particles is showing less in the breathing zone after 5 minutes,
the chance of removal the infectious particles from the room is negligible. The par-
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ticles mostly remained in the near the exhale area and they might come back to the
breathing zone after a while.

Figure 4.10 Effect of ventilation pattern on air quality and particle
concentration in the breathing zone at ACH 3.

Increasing ventilation rate to ACH 5 has more impact on ceiling (hI /hO =1) and
displacement (hI /hO <1) ventilation than mixed cross ventilation (hI /hO >1) in removal of particles from the domain and from the breathing zone (Figure 4.11). For
the case where (Dwo /Dwp <1), ceiling ventilation (hI /hO =1) has ≈80% less particles
in the breathing zone than the displacement (hI /hO <1) ventilation having ≈12% less
particles in the total domain. Particle concentration in the breathing zone over time
for cases 2, 14 and cases 5, 17 is analyzed from Figure 4.13(b) and 4.2(b) respectively. The cases where Dwo /Dwp =1, the number of the particles started to increase
at ≈100 s, reached at its peak at ≈200 s, and then dropped to ≈19% after 5 min.
From Figures 4.15(a, b), we observe that the particles were on average in the exhale
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Figure 4.11 Effect of ventilation pattern on air quality and particle
concentration in the breathing zone at ACH 5.

area and started to spread after 1 min (except the 3rd min.). Except from ≈100s to
≈150s, the particles mostly remained below the breathing zone and at ≈ 210s, the
particles started to enter the breathing zone from below (Figures 4.15 (a, b)). So,
it can be inferred that around 4 min the particles would transport to the breathing
zone and as they were more dispersed by that time, the concentration at the peak
could be small and removal from the domain could not be confirmed.
For displacement ventilation (hI /hO <1) where Dwo /Dwp =1, the scenario was quite
similar with the case having ACH 3 (Case 13). As the air flow pattern remained
unchanged having less dead zones and higher velocity vortexes (Figure 4.1(e), the
particles trapped in the exhale area oscillated faster. The particles started to move out
from the breathing zone earlier (≈30s) but the oscillating motion brought them back
at ≈230s (Figure 4.15(e), 4.17(c, d)). So, although it seemed that the number of the
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Figure 4.12 Effect of ventilation pattern on air quality and particle
concentration in the breathing zone at ACH 7.

particles in the breathing zone in a room with a partition wall (Dwo /Dwp =1), having
ventilation rate of ACH 5, the displacement ventilation (hI /hO <1) offered less number
than ceiling ventilation (hI /hO =1), in displacement ventilation the particles trapped
in the upper portion exhale zone and have tendency to circulate there resulting higher
frequency of return with almost same concentration as they did not disperse much
and decline to move to the exit zone.
With the presence of desks (Dwo /Dwp <1), the air circulation pattern and the
particle transport were more complex. From Figure 4.14(b), we can observe that in
the ceiling ventilation, the particle number reaches at its peak at ≈90s then gradually
dropped ≈13% at 5 minutes. The particles started scattering after ≈2 min both
horizontally and vertically (Figure 4.15 (a, b) and (c, d)). Although case 5 showed
more dead-zone than case 17 (displacement ventilation, hI /hO <1), from Figure 4.1
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(b), we can observe that in ceiling ventilation (case 5), the dead zones are located
near the boundary walls and below the desks and both sides of the partition wall
have better air circulation that helps the transport the particles to move out from
the breathing zone as well as to the exit portion.
Although displacement ventilation (case 17) ends up with 30% less dead zone
that ceiling ventilation (case 5), Figure 4.1 (f) shows it creates a dead zone portion
at the exhale zone near the partition wall, that can trap some particles. From Figure
4.17(a, b), it is noticed that after ≈100 s the particles moved to the inhale zone and
also removed from the breathing zone 4.17(a, b), but the flow pattern shows that the
particles tends to return to the breathing zone.
Increase of ventilation rate plays a significant role in removal of the particles from
the domain as well as from the breathing zone. This effect is more prominent in mixed
ventilation than displacement ventilation. From Figure 4.10, 4.11, and 4.12 we can observe, where Dwo /Dwp =1 room with a partition wall), increasing the ventilation rate
from ACH 3 to ACH 7 removes ≈15% particles from the room in ceiling ventilation
(hI /hO =1) and ≈70% in mixed cross ventilation (hI /hO >1). When, Dwo /Dwp =1,
ceiling ventilation (Case 9, hI /hO =1) has ≈65% less particle in the total domain
than displacement ventilation (Case 15, hI /hO <1) possessing ≈55% more particles
in the breathing zone.
To analyze the flow pattern of the particles we need to study the trajectory over
time. In case 15 (Dwo /Dwp =1 hI /hO <1), the particles remain in the exhale zone
in clustered form (Figures 4.17(a, b)). From Figure 4.14(c, d), we can infer as the
air circulated the room particles trapped in the vortex do not exit the domain and
returns to the breathing zone. So, when at ≈ 200s the number got a peak of ≈
90% particles (Figure 4.13c). On the other hand, for mixed cross ventilation (case
9, Dwo /Dwp =1, hI /hO <1), after reaching a peak at ≈100s with 80% particles in the
breathing zone the concentration gradually decreased to ≈9% at 300 s (Figure 4.13c).
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After ≈100s the particles started to disperse and move to the inhale zone (Figures
4.13a, b), and travel below the breathing level (Figures 4.13 c, d). That indicated the
particles proceeds to the outlet and ensured maximum removal of the particles from
the domain as well as from the breathing zone. For the cases where Dwo /Dwp <1(room
with a partition wall and desk), ceiling ventilation (case 6, hI /hO =1) is more efficient
with ACH 7 than cross ventilation (case 12 and case 18). Increasing ACH from 3-7
results in removal of the the particles up to ≈ 75% in ceiling ventilation (hI /hO =1),
≈ 30% in displacement ventilation (hI /hO <1), ≈ 15% in mixed cross ventilation
(hI /hO >1). In case 6 (Dwo /Dwp <1, hI /hO =1), the particles disperse and move to
the inhale portion (Figure 4.15) that cause removal of particles from the domain as
explained in Figure 4.14c where we can see that after ≈100s the particle number
gradually decreased from ≈80% to ≈4% at 300s.
To ascertain if there is a change in the particle transport if the diameter is varied
i.e. to assess whether airflow velocity dominates the trajectory pattern over the
deposition velocity, particles of different diameters, 0.3, 1, 3, 7, and 10 µm, were
released. A total of 150,000 particles were released with the same number of particles
for each size. Figure 4.18(a) shows that there was negligible influence on the temporal
change of the particle number in the breathing zone. Figure 4.18(b) is a snap shot of
the spatial distribution of the particles at the end of a simulation for DV, ACH 7 in
a room with two desk and a partition. All the particles having the same trajectory
indicates dominating influence of the air flow velocity. Particles of the same size
appear to cluster and it appears that the size of the particle has minimal effect on
particle distribution (Figure 4.19). Exposure to occupant may occur only for a short
period of time.
The investigation of the cases shows that while increased ventilation has positive
effects both in air quality and particle removal perspective, it alone is not enough
and other aspects have to be considered for efficient and economical maintenance of
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indoor air quality. For the room with a partition wall only (Dwo /Dwp = 1), increased
ventilation makes the ceiling ventilation more effective than the other two types of
ventilation patterns. The presence of furniture has significant effect on the velocity
profile that influences the particle transport and condition over time. For our problem
scenario, we can infer that mixed ventilation with ACH 7 (case 9) appears to be more
acceptable ventilation system offering better indoor environment. Although mixed
cross ventilation with ACH 3 (case 7) shows slightly less particles in the breathing
zone than ACH 5 (case 8), the total particles stays in the room is 100% for both
cases. The air flow is in better condition in case 8. And for a room with partition
wall and desks, ceiling ventilation with ACH 7 (Case 6) can be identified as better
option to provide improved indoor condition. Mixed ventilation with ACH 3 (case
10) seems to be the weakest condition among all the cases.
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Figure 4.13 Particle in the breathing zone over time, where Dwo /Dwp =1. a)
Effect of ventilation pattern with ACH 3, b) Effect of ventilation pattern with
ACH 5, c) Effect of ventilation pattern with ACH 7. d) Effect of ACH in MV.
ceiling ventilation, e) Effect of ACH in MV. cross ventilation, f) Effect of ACH
in DV. cross ventilation.
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Figure 4.14 Particle in the breathing zone over time, where Dwo /Dwp <1 a)
effect of ventilation pattern with ACH 3, b) effect of ventilation pattern with
ACH 5, c) effect of ventilation pattern with ACH 7, d) effect of ACH in MV.
ceiling ventilation, e) effect of ACH in MV. cross ventilation, f) effect of ACH in
DV. cross ventilation.
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(a)

(b)

(c)

(d)

Figure 4.15 Average (a) and standard deviation (b) of x-coordinates, average (c)
and standard deviation (b) of y-coordinates of the particles’ position over time in
the domain for MV Ceil.
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(a)

(b)

(c)

(d)

Figure 4.16 Average (a) and standard deviation (b) of x-coordinates, average (c)
and standard deviation (b) of y-coordinates of the particles’ position over time in
the domain for MV Cross.
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(a)

(b)

(c)

(d)

Figure 4.17 Average (a) and standard deviation (b) of x-coordinates, average (c)
and standard deviation (b) of y-coordinates of the particles’ position over time in
the domain for DV.
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(a)

(b)

Figure 4.18 Temporal evolution (a) and spatial distribution (b) of multiple
sized particles after 5 min. under DV and ACH 7 in a room with partition and
desks.

Figure 4.19 Histogram of multiple sized particles’ range in different location
in a room with furniture having DV cross Ventilation with ACH 7.
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Chapter 5
Conclusion and Future Works
5.1

Conclusion

Respiratory aerosols transmit pathogens and can travel short to long range from the
source becoming a possible source of infection for the people in range. A cough or
sneeze of a flu sufferer can be a vital source of spreading infectious particles among the
occupants sharing the space. An indoor environment designed with prior knowledge
on how interior design and HVAC parameters influence infection transfer can reduce
the risk of spreading infection in a working space without increasing economic costs. A
healthy indoor space can be defined as a well-ventilated space having less infectious
particle in the room particularly in the breathing zone. In this study, the CFD
investigations of air flow and particle behavior in breathing zone and the possibility
of transmission between occupants reveal an interacting influence of ventilation type,
air changes and aerosol pattern.
Adjusting the ventilation pattern as well as ACH appeared to have a more efficient
in removing particles from the room as well as from the breathing zone . For the
room with a partition wall only, increasing ACH is more appropriate with mixed
cross ventilation pattern. For Mixed cross ventilation, increasing the ACH from 3
to 7 resulted in ≈65% dead zone reduction and also offers reduction of the particles
in the breathing zone from 60% to 9% and is more effective to remove the particles
from the room. While mixed ceiling ventilation removes ≈ 25% and displacement
ventilation removes only about 3% particles, mixed cross ventilation removes ≈70%
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of particles from the room while operated with ACH 7. At ACH 7, in a room with a
partition wall only, the ventilation pattern has less impact on the air flow. The nonstagnant zone are 75%, 80% and 77% for MV-ceiling, MV-cross and DV respectively.
The presence of desks increases the dead zone ratio in MV-ceiling ventilation, while
for MV-cross and DV-cross it reduces.
Increasing ACH resulted in increased dead zone for ventilation pattern. Increasing
ventilation rate from ACH 3 to 7, the dead zone reduction is ≈42% for MV-ceiling,
while ≈ 35% for MV-cross and DV. With ACH 7, introducing furniture rises dead
zone by ≈20% in MV ceiling and by ≈50% in MV-cross in total domain.
Presence of furniture plays a role in removing the particles from the room at higher
ACH with MV-ceiling and displacement ventilation. In the cross ventilation (both
mixed and displacement), the stagnant pockets near and around the desks increase
the possibility in trapping the particles in the breathing zone. The particles number
in the breathing zone rises from 9% to 40% in MV. cross ventilation and from ≈6%
to ≈17% in displacement ventilation.
While MV. ceiling ventilation shows in ACH 7, introduction desks reduces ≈70%
particles from the total domain and ≈75% particles from the breathing zone. It was
observed that the number of particles present in the breathing zone was governed
more by the air circulation and the particles trapped within the vortex.
This study suggests that MV ceiling offers more favorable condition than other
ventilation patterns when operating ACH 7. In a room with a partition wall, mixed
cross ventilation the particle removal from the room is ≈65% more than mixed-ceiling
ventilation and ≈67% more than displacement ventilation when ventilation rate is
ACH 7. On the other hand, in the room with a partition wall and the desks, mixed
ceiling ventilation removes ≈75% more particles than mixed-cross ventilation and
≈64% more than displacement ventilation with ACH 7. At lower ACH the removal
of particle from the room is almost null.
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From the study with the average location of the particles over time, we can infer
that at lower ACH, mixed ventilation trap the particles in the exhale area and the
particles return in the breathing zone in a periodic circulation, while displacement
ventilation offers more dispersion of the particles. A preliminary analysis of the
influence of particle diameter showed that particle number in the breathing zone
did not vary substantially over time when the particles of multiple diameters were
released (0.3, 1.0, 3, 7, and 10 µm).

5.2

Future Work

The present study investigates the impact of ventilation, air change and furniture
to the transportation of infectious particles and air quality of the space through 2D
simulations. A more detailed outlook can be achieved by modeling the situation in
3D, which will ensure better understanding on the displacement ventilation. The
data presented in this research are based on numerical analysis. These can be experimentally confirmed by performing lab experiments recreating a full-scale or small
scaled scenario. The experiments can be extended varying the partition wall height,
furniture locations and internal spacing among them to regulate interior design to
achieve a safer and healthier indoor work space.
In this study the infectious particles have been considered to have diameters of 10
micron or less which are appropriate to be modeled as aerosols. The transportation
behavior of larger particles (>10 µm) can be affected by gravitational force and large
droplet dynamics (Chao et al., 2008; Chen et al., 2010). Exploring the cases with
that larger particles can offer more detailed observations of particle transmission in
indoor space. In addition, the dispersion of bioaerosols and spread of infections can
be investigated more accurately by incorporating the life span and disease transmission mechanisms of the infectious viruses and bacteria. Temperature, humidity, and
influence of evaporation will be considered for the later simulations.
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Moreover, this research assumed that the occupants are stationary, and both are in
seating position. In reality, the occupants do move and can be in sitting and standing
position. The impact of occupants’ positions and locations can be incorporated as a
stochastic disturbance to the flow field.
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